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ABSTRACT

This current work carries out an extensive analysis of the optimization of poly (methyl
methacrylate) (PMMA) dental composites utilizing the Taguchi technique. The
PMMA composites have been enriched using multiple graphene-based nanofillers. A
mixed-level L.16 orthogonal array was developed to examine the impact of three key
parameters, kind of filler, loading level, and curing process, on tribological and
mechanical attributes. The outcomes of the study responses comprised the coefficient
of friction (COF), weight loss (WL), and hardness (H). It can indicate that the curing
process exerted the biggest impact on hardness (33.75%), succeeded by filler type
(22.09%) and loading level (10.25%). The outcomes indicate that the most suitable
conditions for decreasing COF and WL and maximum hardness were identified as
graphene filler, 0.5 N loading, and heat curing. The RSM models revealed a good
prediction accuracy, with correlation values (R?) of 0.9468, 0.9725, and 0.9989 for
COF, WL, and hardness, respectively. Multi-objective optimization applying desire
function analysis proved these settings as the most successful. The merger of Taguchi
and RSM techniques gives a solid approach for optimizing nanocomposite features in
advanced dental applications.
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INTRODUCTION

Polymeric materials are appreciated to serve distinct functions in various
marketplaces. This contributes to constant advancement and innovation in their
benefits through extensive research plans, [1 - 4]. Polymethyl methacrylate (PMMA)
is a thermoplastic polymer recognized for its transparency, rigidity, and durability,
rendering it extremely useful across multiple sectors. [S, 6]. PMMA is commonly
employed in the production of shatter-resistant windows, LED lighting components,
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automotive windows, motorcycle windshields, and optical lenses. In addition, it finds
frequent use in dental applications such as cavity fillings, denture bases, and bone
cement. These uses can be attributed to its excellent biocompatibility and formability,
as well as its favourable aesthetic qualities, [5, 7]. Consequently, PMMA is currently
ranks among the most utilized substances in denture fabricate, [8, 9]. Dental acrylic
resins are usually made of two initial constituents: a powder ingredient, known as a
modified version of PMMA, and a liquid ingredient, methyl methacrylate, that
functions as the monomer or solvent. PMMA, an acrylic-based resin, is commonly
used in dental applications and is manufactured by the polymerization of methyl
methacrylate (MMA) monomers [10]. The use of alginate as a stabilizer is technically
sufficient to produce spherical PMMA microparticles, whereas gelatin stabilizers tend
to produce finer particles, [11 - 13]. Moreover, PMMA resin exhibits excellent
compressive and tribological qualities, these attributes alone are inadequate to fulfil
the standards for wear resistance, hardness, and comprehensive mechanical strength.
Therefore, unaltered PMMA is often viewed as inadequate for dental settings.

Zx0:, Al:Os, SiO2, and other metal oxides were adopted as modifiers of PMMA
matrices that were produced through a variety of techniques, [14]. The fillers are
primarily used to enhance the mechanical properties of the system. Furthermore, the
curing method and duration have been shown to significantly influence the hardness
and friction coefficient of PMMA matrices reinforced with TiO: nanoparticles, [15,
16]. The friction coefficient gradually decreases with increasing TiO: content. The
friction coefficient and wear rate are further reduced by the gradual addition of
TiO2/ZnO nanoparticles, [17] . It has also been discovered that adding ZnO nanotubes
improves the composite's thermal performance and flexural strength, [18].
Furthermore, efforts were investigated to incorporate both natural and synthetic
fibers to reinforce PMMA monomers, [19]. Based on its outstanding biocompatibility
and high adherence to PMMA, fiberglass has proven to be a useful support for dental
composites, [20]. The physical, chemical, thermal, and biocompatible properties of
PMMA/glass fiber composites as well as the causes of denture fractures have been the
topic of various study, [21]. Both Barium glass particles and silanated glass fibers
were successfully employed as reinforcing components in dental composites.
Combination fillers greatly increase fracture toughness and decrease polymerization
shrinkage, in line with experimental data, [22]. In another study, the reinforcement
system included nylon-6 dissolved in hexafluoro isopropanol (10 wt.%) combined
with multi-walled carbon nanotubes (MWCNTs) at loadings of 0.5% and 1.5%,
aiming to improve the flexural strength of PMMA-based dental resins, [23]. Results
showed that both wear rate and friction coefficient decreased in hot- and cold-cured
PMMA/MWCNT composites, while hardness increased in the hot-cured systems with
rising MWCNT concentration, [24]. Thermogravimetric analysis (TGA) confirmed
uniform dispersion of MWCNTs within the PMMA matrix. The fatigue resistance,
flexural performance, and resilience of PMMA/MWCNT composites exhibit a good
reaction better than the commercial PMMA, [25].

The resulting PMMA composites exhibited improved mechanical and physical
performance [26]. The addition of nanographene (NG) and hybrid fillers like SiO:—
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TiO: to PMMA denture base resins improved both tribological performance and
hardness. Furthermore, the influence of the durability of the PMMA/NG composite
with SiO:/TiO: increased by 18% when compared to the free PMMA structure, [27].
Rheological parameters, including viscosity, absorption coefficient, and specific
viscosity, were examined and indicated significant gains with the inclusion of
graphene oxide GO. The results revealed that viscosity rose by up to 57% compared
to standard fillers. The inhibitory region for mite-causing bacteria, such as
Enterococcus faecalis and Staphylococcus aureus, was further enhanced by up to 46%
with the incorporation of GO, [28]. Taguchi's experiment (DOE) technique is
particularly valuable in polymer research, where multiple variables—such as filler
type, content, curing temperature, and curing method—interact to influence
mechanical, thermal, and tribological performance [29], [30]. Researchers have
successfully applied Taguchi's design of experiments (DOE) to enhance the tensile
strength, stiffness, and wear resistance of thermoplastic and thermosetting matrices
reinforced with fibers, nanoparticles, or hybrid fillers, [31, 32]. This method employs
orthogonal arrays systematically assessing parameter combinations, resulting in
optimal composite formulations, [33, 34]. Moreover, Taguchi's signal-to-noise (S/N)
analysis enhances material uniformity and performance dependability under
fluctuating workloads. Current studies have expanded this method to encompass
polymeric composites utilized in dentistry and biomedicine, where precise mechanical
tuning is essential.

This study proposes a framework for enhancing the mechanical attributes of
polymethyl methacrylate (PMMA) dental composites through the strategic
incorporation of graphene-based nanofillers. Using a Taguchi design of experiments,
different filler formulations—graphene (GN), GN + SiO2z, GN + TiO2, and GN + SiO:
+ TiO:—were evaluated at different loading levels and processing methods. The
content level that maximizes hardness and wear resistance was the aim. The
experimental design utilizes an orthogonal L16 matrix to minimize testing while
capturing the interactions of key variables. Microscopic and mechanical analyses,
including SEM and hardness testing, confirm the validity of the results. These
findings are expected to contribute to the development of high-performance and
durable dental materials. This approach aligns with the ongoing demand for
advanced and functional biomaterials in restorative dentistry.

EXPERIMENTAL

Materials

Poly (methyl methacrylate)-based acrylic resin is widely utilized in dental restorations
due to its easy handling and appealing cosmetic properties. PMMA components were
supplied from Egypt's Acrostone Dental and Medical Supplies. Methyl methacrylate
(MMA), an insoluble monomer, and modified PMMA powder make up a PMMA
substance. Nano-fillers such as graphene (GN), silicon dioxide (SiO:), and titanium
dioxide (TiO:) are used alone or in combination for strengthening. All the nano-
additives were purchased from US Research Nanomaterials, Inc. in the United States.
Graphene nanoparticles were provided as black flakes with lateral dimensions
ranging from 2 to 10 pm and an average thickness of less than 5 nm. SiO: and TiO:
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were provided as white spherical particles with average sizes of 45—-60 nm and specific
surface areas of approximately 35 m?/g, with respective densities of 2200 kg/m* and
3900 kg/m>.

Sample Preparation

The monomer-to-polymer mixing ratio was maintained at 1:2 (liquid to powder),
consistent with standard dental resin preparation procedures. The polymerization
process began by blending PMMA powder with MMA liquid, followed by the addition
of nano-fillers according to the experimental matrix designed using the Taguchi
method. Each formulation contained one of the following filler systems: GN, GN +
SiO2, GN + TiO:z, or GN + SiO: + TiO2, at varying weight fractions of 0.25%, 0.5%,
0.75%, and 1.0%. Subsequently being mixed into the resin matrix, ingredients were
evenly distributed in MMA utilizing magnetic stirring and ultrasonic agitation. For
an interval of ten minutes, the filler-resin mixtures were physically agitated at 200
rpm while being held at room temperature (30 °C and 55% relative humidity).
Viscosity rose as polymerization went on, forming a homogeneous paste. Following
being packed into cylindrical molds measured 8 mm in diameter by 25 mm in height,
the paste was squeezed for 45 minutes at a pressure of 10 bar. However, to the
experimental design, two curing techniques—cold cure and heat cure—were
performed, based on the formulation. The substance of filler and filling amount
were utilized to identify each sample (e.g., GN-025, GN+Si0:-050, GN+SiO:+TiO:-
100, etc.). The setting up methods for the PMMA nanocomposites enhanced with
hybrid nano-fillers are shown in Fig. 1.
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Fig. 1. Schematic representation of the PMMA composites’ setting up.

Evaluation and Characterization
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To investigate and evaluate the different mechanical performance of PMMA
nanocomposite, samples are made. In accordance with ASTM standard D2240,
samples are examined and their hardness attributes measured using the durometer
Shore D apparatus. After testing the hardness value five times across the sample
surface, the average value was calculated. Standard errors were included in the
average statistics.

In accordance with ASTM standard G99-95, a reciprocating pin-on-disk tribometer
was used to conduct the tribological attributes. The samples are examined in a room
climate with a temperature of 30°C and a relative humidity of 55%, as well as dry
contact settings. Stainless steel, the disk's material, was chosen to meet the real
standards. The investigations were carried out at a constant linear velocity of 0.6 m/s
while applying weights of 6, 8, 10, and 12 N. The difference in weight between each
sample's original and final weights was used to calculate wear findings. The electronic
microscope (OLYMPUS BXS53M, USA) and scanning electron microscopy (SEM)
microscope (JCM-6000Plus; JEOL, Tokyo, Japan) were utilized to examine the worn
sides. To prepare the sample surfaces for SEM photography, they are first cleaned by
washing and then completely dried with air. Finally, a thin layer of platinum is applied
to the surfaces.

Design of experiments

Taguchi method has been recommended to limit the influence of uncontrollable
factors, which has been considered as a mathematical strategy, that minimizes the
number of experiments. Taguchi finds minor variables quickly by building orthogonal
arrays and matching multiple variables. Taguchi method has been utilized to analyze
the data and identify the ideal conditions for the Coefficient of friction. A set of
experiments on different levels of parameters has been created and carried out based
on Taguchi methodology. An experimental design called the L.16 orthogonal array
(Mixed level design 42 2*1) has been constructed using Minitab software version
21.4. To identify the most affecting factors and their interactions, the operational
parameters have been examined. Three independent input variables— Type of Filler
(X1), Loading (X2), and Curing Method (X3)—have been selected. The selected
variables have been converted into dimensionless factors X1, X2, and X3 (see Table 1).
Only 16 experiments to determine the optimal variable levels, table (1) shows first
design and table (2) The Experimental results of all responses are practically required
to be performed instead of 256 (4* = 256) through the examination of three variables
at four levels. Table 2 shows four replications for each Experimental design.

Table 1 Levels of Process Parameters

Level
Input Parameter | Unit | Symbol 1 2 3 4
Type of Filler Xi GN | GN+S8i0: | GN+TiO: | GN + SiO:+ TiO:
Loading N X2 0.25 0.5 0.75 1.0
Curing Method X3 Cold Cure Heat Cure

Table 2 The Experimental design for PMMA composites
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El\)I(([)) Type of Filler (Xi) Load(l;zg) level Curlnzgxlz/;ethod
1 GN 0.25 Cold cure
2 GN 0.5 Cold cure
3 GN 0.75 Heat cure
4 GN 1.0 Heat cure
5 GN + SiO: 0.25 Cold cure
6 GN + SiO: 0.5 Cold cure
7 GN + SiO: 0.75 Heat cure
8 GN + SiO: 1.0 Heat cure
9 GN + TiO: 0.25 Heat cure
10 GN + TiO: 0.5 Heat cure
11 GN + TiO: 0.75 Cold cure
12 GN + TiO: 1.0 Cold cure
13 GN + SiO:+ TiO: 0.25 Heat cure
14 GN + SiO:+ TiO: 0.5 Heat cure
15 GN + SiO:+ TiO: 0.75 Cold cure
16 GN + SiO:+ TiO: 1.0 Cold cure

Taguchi Optimization of the Coefficient of friction, weight loss and hardness

In 16 experimental operates, these monitoring parameters were examined at Multi
level design [472 2”1] according to .16 Taguchi orthogonal array, as demonstrated
in Table 3. The planned trials were carried out at random to account for the impacts
of noise elements that were not considered in the experimental design mesh of the
weight loss and coefficient of friction. The coefficient of friction, weight loss, and the
S/N ratio "Smaller is better (SIB)" are the optimization parameters (response)
according to Equation 1. When the variables' response is denoted by y and the
number of experiments by n.

2
S/N = —10 Log (z%) [1]

Table 3 The Structure matrix of the elements and their levels applied for
Taguchi
assessment utilizing the S/N ratio of COF, WL and Hardness

Exp. Type of Filler Loadin Curin

N(I)) * (X1) level (ng) Method ngs) CoF| WL H
1 GN 0.25 Cold cure 0.45 | 0.0026 | 82.1
2 GN 0.5 Cold cure 0.41 | 0.002 81.9
3 GN 0.75 Heat cure 0.42 | 0.0022 | 82.2
4 GN 1.0 Heat cure 0.44 | 0.0025 | 82.1
5 GN + SiO: 0.25 Cold cure 0.47 | 0.0028 | 82.1
6 GN + SiO: 0.5 Cold cure 0.46 | 0.006 82.7
7 GN + SiO: 0.75 Heat cure 0.4 | 0.0022 | 83.1
8 GN + SiO: 1.0 Heat cure 0.43 | 0.0021 83
9 GN + TiO: 0.25 Heat cure 0.44 | 0.0028 | 82.2
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10 GN + TiO: 0.5 Heat cure 0.4 | 0.0023 | 81.9
11 GN + TiO: 0.75 Cold cure | 0.49 | 0.0032 | 82.5
12 GN + TiO: 1.0 Cold cure | 0.51 | 0.0038 | 82.4
13 | GN + SiO:+ TiO: 0.25 Heat cure | 0.46 | 0.0026 | 84.1
14 | GN + SiO:+ TiO: 0.5 Heat cure 0.42 | 0.0023 84.9
15 | GN + SiO:+ TiO: 0.75 Cold cure | 0.45 | 0.0025 | 83.2
16 | GN + SiO:+ TiO: 1.0 Cold cure | 0.46 | 0.0027 | 83.1

Therefore, fewer tests were conducted, and both time and expense savings were
realized. Thus, depending on the goal of the investigations, both the mean effect and
the signal-to-noise ratio have been used in quantifiable levels of qualitative features.
Equation 2, where y is the hardness response of the factors listed in the previous table
and n is the number of trials. For the purpose of including the impacts of noise
components that were not considered in the experimental design matrix of the
coefficient of friction, weight loss, and hardness, experiments were carried out at
random.

S 151 2

/N = 10Log(n2y2) 2]
Statistical analysis

Statistics of the friction summarize the S/N ratio's reaction results regarding the
friction coefficient and contact weight loss as determined by the Taguchi technique.
The S/N ratio for each control parameter at various values is described. The average
experimental findings for each factor at each level are denoted by the numerical
designations 1, 2, and 3. Additionally, 'Delta' denotes the difference between the
greatest and lowest S/N ratios for each control factor throughout the three levels,
providing information on the main and secondary degrees of impact for each factor
in the experimental results. The friction coefficient's S/N ratio at the loading levels is

0.732, the highest of the three S/N ratio values, as revealed by the results in Table 5.

Table 5 S/N ratio response for COF
Friction coefficient (COF)

Level Type of Filler Loading Curing Method
1 7.337 6.842 6.714
2 7.148 7.496 7.416
3 6.784 7.156 -
4 6.990 6.764 -
Delta 0.553 0.732 0.702
Rank 3 1 2

Table 6 S/N ratio response for WL

Weight Loss (WL)
Level Type of Filler Loading Curing Method
1 52.72 51.38 50.36
2 50.55 50.99 52.52
3 50.53 52.06 -
4 51.97 51.34 -
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Delta 2.19 1.07 2.16
Rank 1 3 2

Table 7 S/N ratio response for Hardness

Hardness

Level Type of Filler Loading Curing Method

1 38.28 38.34 38.33

2 38.35 38.36 38.37

3 38.30 38.36 -

4 38.47 38.34 -
Delta 0.18 0.02 0.05
Rank 1 3 2

Furthermore, the S/N ratio has a minimum value of 0.553 at the type of filler levels.
Furthermore, transitioning from cold to heat cure reveals a significant variation in
the friction coefficient. This is exhibited that loading is the primary influencing
element, while the curing procedure is of lesser importance (refer to Table 5).
Consequently, the subsequent ordering of the components influencing the friction
coefficient is as follows: loading > curing technique > filler type, while for weight loss,
the order is: fillers type > curing technique > load (refer to Table 6). It is evident from
the S/N ratio analysis that loading and its curing strategy have significant effects on
the friction coefficient, whereas filler type and curing strategy have a significant
impact on weight loss. S/N ratios ought to be continuously maximized under ideal
circumstances. Thus, the S/N ratios and levels necessary to achieve the optimal
friction coefficient value are specified as follows: Typer of filler (GN, S/N = 7.336),
load (0.5 N, S/N = 7.495), and curing method (Heat cure, S/N = 7.415). Similarly, for
Weight loss, the optimal parameter combination comprises Typer of filler (GN, S/N
=52.718), load (0.75 N, S/N = 52.06), and curing method (Heat cure, S/N = 52.523).

Figures 2 and 3 provide a visual representation of the level values of control variables
for these attributes as displayed in Tables S and 6. These visual aids make it simple to
identify the ideal settings for reducing or improving the friction coefficient and weight
loss. The outcomes from the S/N ratio analysis are summarized in Table 7, where the
filler type is the parameter with the highest ranking for hardness. The loading
parameter, on the other hand, is rated third for both outputs, indicating that it has
the least effect on hardness. The optimal combination of parameter hardness is
represented by bold values, whereas delta values are used to determine parameter
ranking according to Table 7.
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Fig. 2 Impact of control parameter on average S/N ratio for COF.
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Fig. 4 Impact of control parameter on average S/N ratio for Hardness.

Analysis of Variance, ANOVA, is a statistical method used to evaluate the unique
interactions between each control variable in a particular design of experiments. The
impacts of filler type, loading, and curing process on the friction coefficient and
weight loss were examined and evaluated in this study employing ANOVA. Indeed, a
95% confidence level and a 5% significant level were used for the study. Comparing
the F values for each control factor in an ANOVA is necessary to determine the
importance of the control variables [35]. Tables 8, 9, and 10 provide the ANOVA
findings for the friction coefficient, weight loss, and hardness of contact,

appropriately.
Table. 8 Analysis of Variance for friction coefficient

Source DF | SeqS85| AdjSS | Adj MS | F-Value | P-Value | Contribution
Type of Filler 3 | 0.0851 | 0.0851 0.0284 23.667 10.21 74.85 %
Loading 3 0.0019 | 0.0019 0.0001 0.083 0.45 1.67%
Curing Methed | 1 0.0091 | 0.0091 0.0091 7.583 3.04 §.01 %
Error § | 0.0176 | 0.0176 0.0012 15.47 %
Total 15 | 0.1137 100.00%

2 Df: degrees of freedom; 58: sum of squares; MS: Variance; P: percent contribution. * Pooled, Tabulated
F- ratio at 99% and 95% confidence level: FO.01, 3, § = 7.59, Fp.05,3,8=4.07, Fp.05,1, 8§ = 5.32

Table. 9 Analysis of Variance for weight loss
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Source DF | Seq S5 | AdjSS [ Adj MS | F-Value | P-Value | Contribution
Type of Filler 3 0.6616 | 0.60616 0.2205 1.69 03063 12.22%
Loading 3 1.7368 | 1.7368 0.5789 4.44 0140 32.09%
Curing Method 1 19718 | 1.9718 1.9718 1513 0.004 36.43%
Error 8 1.0427 | 1.0427 0.13033 19.26 %
Total 15 | 54129 100.00%%
& Df: degrees of freedom; S5: sum of squares; MS: Variance; P: percent contribution. * Pooled, Tabulated
F- ratio at 99% confidence level: F0.01, 3.8 =7.59, F.01,1,8 =11.26

Table. 10 Analysis of Variance for hardness

Source DF | Seq55 | AdjSS | AdjMS [ F-Value | P-Value | Contribution
Type of Filler 3 15.131 6.044 18.131 1.73 1.02 22.09 %
Loading 3 8.413 2.804 8413 0.80 0.14 10.25%
Curing Method 1 27.704 | 27.704 27.704 7.94 3.29 3375 %
Error 3 27.844 | 3.4905 27.844 3391 %
Total 15 | 82.092 100.00%
EDf: degrees of freedom; 55: sum of squares; MS: Variance; P: percent contribution. * Pooled, Tabulated
F- ratio at 95% confidence level: F0.05,3, 8 =4.07,. Fp.05,1,8=5.32

ANOVA results for the friction coefficient (refer to Table 8) show that curing
method has the most factor effect on COF at contributes 36.43 % and the loading is
the second factor effect at contributes 32.09 %. There are three degrees of statistical
significance: 90%, 95%, and 99% for the Curing Method and 90% and 95% for the
Loading Method. On the other hand, Table 8 shows that curing methods have the
most factor effect on weight loss at contributes 33.75 % and Type of Filler is the
second factor effect at contributes 22.09 %. The Curing Method is statistically
significant at 90%, 95% confidence levels. ANOVA results for the friction coefficient
(refer to Table 10) show that type of filler is the most factor on hardness at
contributes 74.85 % and the curing method is the second factor effect at contributes
8.01 %. Table 11 and figure 1 show how different operating factors affect the COF
S/N ratio and weight loss (refer to Table 11). It is obvious that the Type of Filler at
level 1 (GN), Loading at level 2 (0.5 N), and Curing Method at level 2 (Heat cure)
are the ideal values for various aspects of control to accomplish reducing COF. Table
12 and Fig. 2 demonstrate the influence of different operating factors on the S/N
ratio, leading to up the weight loss. It is apparent that the Type of Filler at level 1
(GN), Loading at level 3 (0.75 N) and Curing Method at level 3 (Heat cure) are ideal
settings for different control parameters to achieve minimal WL.

Table 11. Effect of factors on S/N (COF)?

Symbol Factors 11 12 SN mhn;{gﬂ) 14
Xi Tvpe of Filler GN® GN + 8102 GN + Ti0: GN + 8i0:+ TiO:
X; Loading 0.25 0.52 0.75 1
X Curing Method | Cold cure | Heat cure ®
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Table 12. Effect of factors on S/N (WL)?

Symbol Factors 11 12 SN ratmri{gB) L4
X1 Type of Filler GN® GN + 8i0: GN + Ti0O: GN + 5i0:+ Ti0:
X5 Loading 0.25 0.5 0.75% 1
X3 Curing Method | Cold cure | Heat cure ?
Table 13. Effect of factors on S/N (Hardness)?
Symbol Factors 11 13 SN mhni{gB) L4
Xi Type of Filler GN GN + 8i0: GN+Ti0: | GN + 8i0:+ Ti0:2
X3 Loading 0.25 0.52 0.75 1
X3 Curing Method | Cold cure | Heat cure *
a Optimum level

It can be concluded from Table 13 and Figure 3 that the following parameters work
well together to produce the highest hardness: GN + SiO:+ TiO: filler type (level 4),
0.5 N loading (level 2), and heat cure (level 2) curing strategy. The response
optimizer function for COF and WL based on S/N ratio is used to place the optimal
circumstances, as demonstrated in Fig. 4. The optimum drawn conditions of COF
are type of filler GN, loading 0.5 N and Curing method of heat cure. The
optimization achieved a desirability score of 0.856, corresponding to a minimum
predicted COF of 7.6549 (Fig. 5 a). While the optimum drawn conditions of WL are
type of filler GN, loading 0.75 N and Curing method of heat cure. The optimization
achieved a desirability score of 0.119, corresponding to a minimum predicted WL
of 52.9115 (Fig. 5 b).

Typvar ol Lanaching
wiggh 4.0 1.0

s b

Fig. 5 Response Optimizer for COF and WL based on S/N ratio.
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Tables 14 show that coefficient of friction, weight loss and hardness under
consideration, the experimental and prediction responses are extremely similar.
Based on S/N ratio response, a comparable degree of agreement is shown. Absolute
error for COF, weight loss and hardness were calculated as 1.62 %, 0.46 % and 0.12
%, respectively. From these values for both the outputs, it appears that the resultant
RSM model can accurately estimate the coefficient of friction, weight loss and
hardness.

Table 14 Results of the prediction and experiment for S/N ratios values

Coefficient of friction

Prediction Experiment | Absolut error %
Coefficient of friction S/N ratio (dB) 7.657 7.535 1.62 %
Weight loss
Weight loss S/N ratio (dB) | 52.91 | 53152 | 0.46 %
Hardness
Hardness S/N ratio (dB) | 38.45 | 38403 | 0.12 %

Response surface methodology

RSM is a common statistical method for formulating an approximate mathematical
relationship between independent variables such as the type of filler, loading and
curing method and the dependent variables (the main coefficient of friction, weight
loss and hardness) for modelling, simulation, and optimization. The RSM works with
identifying a region matching the ideal or ideal solution and encompasses the
response(s) of a system for a variety of factor levels. First-order equations can be used
as a strategy to mathematically connect the response to the factors. The pure linear
system scarcely captures the true behavior of parameters in a complex system, where
several factors interact to impact the output. In this view, it is preferable to represent
the pertinent connection using the quadratic response function as indicated in Eq. 3.

k
Y=Bo+2i B Xi +T,Bu X2 + Zl<_<_ﬂij X Xj+e¢
<isj
3

where the input variable is xi, the dependent variable is X, the fixed term is o, and
the coefficients of the linear, quadratic, and cross-product terms are i, pii, and Bij,
respectively.

A mathematical framework for the coefficient of friction has been constructed
utilizing the S/N ratio in Eq. (4). Figure 6 exhibits that the average percentage
efficiency is 94.68%, while the model deviation varies from 0.85% to 12.14%, located
at runs 3 and 12, respectively.

COF s~ =6.505 — 0.14 x Type of filler — 0.23 x Loading +0.703 x Curing method
C))

A weight loss mathematical model has been constructed according to the S/N ratio in
Eq. (5). Figure 6 shows that the average percentage accuracy is 97.25%, whereas the
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model deviation varies from 0.46% to 13.47%, preferably at runs 3 and 6,

respectively.

Wl s/n =48.52 — 0.226 x Type of filler + 0.39 x Loading + 2.16 x Curing method (5)

A mathematical framework for hardness has been constructed utilizing the S/N ratio
in Eq. (6). The model deviance ranges from 0.0033% to 0.349% (at run number 15
and 10 respectively), whereas the average percentage accuracy is 99.89%.

Hardness s)Nx = 38.159 + 0.0499 x Type of filler - 0.0003 x Loading +0.0454 x Curing

method (6)

However, The graphs of COF and WL generated by the RSM model are illustrated in
Figs. 6, 7 respectively. While the effect of parameters studied on the predicted COF is
shown in Fig. 8.
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Fig. 6 Measured vs. predicted S/N ratio response (COF).
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Fig. 7 Measured vs. predicted S/N ratio response (WL).
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Fig. 8 Effect of parameters studied on the predicted COF.

CONCLUSIONS

This study utilized Taguchi's orthogonal array to optimize friction coefficient,
weight loss and hardness. From the experimental findings, the following conclusions
were derived:

1. Types of filler and curing method are the significant variables affecting COF.

2. The optimum conditions obtained from Taguchi method for optimizing COF is
Type of filler of GN followed by Loading of 0.5 N and Curing method of heat cure.
3.According to Taguchi optimization results, the best WL are produced by Type of
filler of GN followed by Loading of 0.75N and Curing method of heat cure the weight
loss is attained.

4. The curing method contributes the most (33.75%), followed by type of filler
(22.09%), and loading (10.25%), which makes up the least amount of the ideal
Hardness, according to the ANOVA.

5. The validation of RSM models reveals that the mean percentage variation in the
Coefficient of friction value is 5.32 %, the weight loss is 2.75%, and the hardness is
0.11 %.

6. Comparative analysis between experimental and predicted results demonstrated
superior performance of RSM models.

7. The RSM model for Coefficient of friction achieved an impressive correlation

94



coefficient (R2) of 0.9468. Similarly, the model for weight loss yielded a correlation
coefficient (R2) of 0.9725 and the model for hardness a correlation coefficient (R2) of
0.9989.

8. Multi-objective optimization using the desirability function enabled us to identify
optimal parameters, resulting in an optimal Coefficient of friction at type of filler
=GN., loading = 0.5 N and curing method = heat cure.
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